The nuclear magnetic resonance (NMR) structure of the 15 kDa pathogenesis-related protein P14a, which displays antifungicidal activity and is induced in tomato leaves as a response to pathogen infection, was determined using 15 N/
Introduction
In response to pathogen attack or other biotic and abiotic stresses, plants accumulate a number of antifungal proteins. These include thionins, ribosome-inactivating proteins, 2S-storage albumins, defensins and a variety of pathogenesis-related (PR) proteins (Van Loon, 1985; Bol et al., 1990) . PR proteins were ®rst detected in tobacco plants that are hypersensitive to tobacco mosaic virus (Van Loon & Van Kammen, 1970; Gianinazzi et al., 1970) . Subsequently, several other PR proteins have been detected and characterized in monocotyledonous and dicotyledonous plant species, and their important roles in the stress response of plants has been well documented (Ryals et al., 1994) . It is typical for PR proteins to be highly resistant to digestion by proteolytic enzymes, suggesting that high intrinsic stability enables survival of these proteins in harsh natural environments, such as those in vacuolar compartments or intercellular spaces. On the basis of serological properties and sequence homologies, the PR proteins have been grouped into seven families, PR-1 to PR-7{. While chitinase and b-1,3-glucanase activity could be assigned to PR-3 and PR-2 proteins, respectively (Joosten & De Wit, 1989; Fischer et al., 1989) , only little is known about the biological function of proteins in the group PR-1, which were the ®rst PR proteins discovered and which include P14a. The 135 residue protein P14a, which is the subject of the present investigation, becomes the most abundant acid-extractable tomato leaf protein upon infection with pathogens. P14a has also been found in trace amounts in healthy plants at the onset of bloom (Fraser, 1981) , and during natural aging of tomato leaves (Camacho Henriquez & Sa È nger, 1982) . Similar to other PR proteins, P14a can be induced in tomato leaves by treatment with salicylate Linthorst, 1991) , which may play the role of a second messenger during systemic acquired resistance (Ryals et al., 1994) . Alexander et al. (1993) showed that transgenic tobacco plants which constitutively express the PR1a gene exhibit increased tolerance to the fungal pathogens Phytophthora parasitica var. nicotianae and Peronospora tabacina, thereby providing the ®rst, albeit indirect evidence that PR-1 proteins exhibit antifungicidal activity. Direct antifungicidal activity of tomato P14a has recently been documented by Niderman et al. (1995) in an in vitro test measuring inhibition of Phytophthora infestans zoospore germination, and in an in vivo leaf-disc assay in which variations of P. infestans-infected leaf surface was scored. Differential activity was found between the acidic isoforms (tobacco PR-1a and PR-1b) and the basic proteins (tomato P14c and tobacco , where the basic proteins exhibited the highest antifungicidal activities.
To establish a structural basis for future research on the molecular mechanism by which proteins of the PR-1 family exert their antifungicidal activity, we describe a high-quality NMR solution structure determination of P14a and further investigate the internal dynamics of the protein by measurements of backbone amide 15 N spin relaxation times and C. The chemical shifts are relative to internal 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (Wishart et al., 1995) . In (a) the cross-peaks are labeled with the sequence positions of the corresponding amino acid residues. A cross identi®es the position of the very weak cross-peak of Gly88, which was observed when plotting lower contour levels. The pairs of cross-peaks identi®ed with primed and doubly primed numbers that are connected by a horizontal line, correspond to side-chain amide protons of Asn and Gln. The crosspeaks marked R and W belong to side-chain protons H e of Arg and H e1 of Trp, respectively. Unassigned side-chain 15 N ± 1 H cross-peaks are indicated with asterisks. The backbone cross-peak of Asp128 at o 1 = 107.7 ppm, o 2 = 3.6 ppm and an unassigned side-chain amide cross-peak at o 1 = 105.3 ppm, o 2 = 5.2 ppm are located outside of the displayed spectral region. The cross-peaks of the backbone amide group of Arg100 and of all Arg H e protons have been folded along o 1 and therefore have negative intensity in this plot, as indicated by the use of broken contour lines.
{ With the availability of additional sequence data, a classi®cation into 11 families has more recently been considered (T. Niderman, personal communication).
steady-state 15 N{ 1 H}-NOEs. P14a was chosen for the structure determination because it is, from its amino acid sequence and its physiological role, representative of the proteins that have been grouped together in the PR-1 family. A high yield overexpression system in Escherichia coli was available for P14a at the outset of this project.
Results
The thermal denaturation of P14a was monitored at pH 4.0 and pH 6.0 by circular dichroism (CD) spectroscopy at 222 nm. A melting point of 51 C was obtained at both pH values. Based on these data, the NMR structure determination was performed at pH 5.5 and 30 C, using uniformly (Fesik & Zuiderweg, 1988; Messerle et al., 1989) for observation of sequential NOE connectivities (Billeter et al., 1982; Wagner & Wu È thrich, 1982; Wu È thrich, 1986) , and 3D H (Szyperski et al., 1994a) , 3D CBCANHN and 3D COHNNCA (Szyperski et al., 1995) for identi®-cation of intraresidual and sequential heteronuclear scalar coupling connectivities (Bax & Grzesiek, 1993) . Combination of the two approaches yielded nearly complete assignments for the backbone 1 H N , 15 N and 13 CO resonances, and the aCH ± bCH n fragments of the individual residues. The only missing backbone assignments are those of the Nterminal amino group, as usual, the NH moiety of Ser49, which could not be observed due to line broadening arising from slow conformational exchange (see below), the 13 CO resonances of the ®ve residues that precede Pro, i.e. Ser3, Gly21, Arg75, Asp124 and Arg133, and of Asp26, Ile47, His48, Gly60, Val86, Gly87, Cys91, Arg92 and Ile130. Figure 2 presents a survey of the sequential and medium-range connectivities identi®ed for P14a. At least one sequential NOE or sequential scalar connectivity is observed for each pair of neighboring residues, with the sole exceptions of the two dipeptide segments Ile47-His48 and His48-Ser49. The observation of strong d ad NOEs indicated that the prolyls 4, 22, 76 and 134 are in a trans-conformation, while a strong d aa NOE was detected for the dipeptide segment Asp124-Pro125, showing that it is in a cis-conformation (Wu È thrich, 1986 . Complete 1 H and 13 C resonance assignments for the aliphatic CH n moieties were thus obtained. Among the labile side-chain protons, the amide groups of 15 out of 22 Asn and Gln residues were assigned, as well as the e-proton resonances of six out of 11 Arg residues. For the remaining NH moieties the crosspeaks were observed in the 2D [ 15 N, 1 H]-COSY spectrum (Figure 1(a) Kumar et al., 1980) .
In the course of the 3D structure calculation (see below) stereospeci®c assignments were obtained for 44 out of 75 bCH 2 groups with non-degenerate b-proton chemical shifts, three pairs of glycyl a-protons, and 14 pairs of isopropyl methyl groups corresponding to the ten valyl residues and to four of the six leucyl residues. The stereospeci®c assignment of the leucyl isopropyl methyl groups was also supported by analysis of 3 J c a c d scalar coupling constants in a 2D 13 C-13 C long-range correlation experiment .
The aromatic spin systems were identi®ed using 2D et al., 1993) . Combination of the results from the two approaches yielded complete 1 H and 13 C resonance assignments for all 18 aromatic rings in P14a except that the H e protons of His48 and His93 were not individually assigned because the NOEs between the rings and the aCH-bCH 2 moieties could not be detected. The NMR solution structure (see below) will show that both imidazole rings are solvent-exposed and conformationally disordered.
Ring current calculations of the type described by Perkins & Wu È thrich (1979) showed that all proton chemical shifts in P14a that deviate by more than 1.5 ppm from the corresponding random coil values (Wu È thrich, 1986 ) include large ring current effects. For the side-chain methyl and methylene protons, the calculated ring current shifts match these large observed conformation-dependent shifts to within better than 0.6 ppm. In particular, the ring current calculation revealed that the H (Szyperski et al., 1992) . For Ser39, Glu84, Asn101 and Gln132, the 3 J ab , 3 J C H b and 3 J Nb scalar couplings indicated rotational averaging about w 1 (Nagayama & Wu È thrich, 1981) ; therefore, no w 1 dihedral angle constraint was derived from these couplings, and NOE upper-limit distance constraints to the b-protons of these residues were referred to the corresponding pseudo-atoms (Wu È thrich et al., 1983) . P14a contains three disul®de bonds (Lucas et al., 1985) , but the location of these bonds has not been experimentally determined by chemical methods. A preliminary structure calculation using as input only the NOE upper distance constraints and the dihedral angle , is given for those residues where the exchange was too fast for the N ± H cross-peak to be observed in the experiments used (see Materials and Methods). The locations of the a-helices I to IV, the 3 10 -helix and the b-strands A to D are indicated at the top of trace (b).
constraints (Wu È thrich, 1986) showed unambiguously that the three disul®de bonds are Cys44-Cys112, Cys85-Cys91 and Cys107-Cys121.
The input for the ®nal DIANA structure calculation contained 1701 NOE upper-limit distance constraints (414 intraresidual, 131 sequential backbone, 114 medium-range and long-range backbone, and 1042 interresidual distance contraints involving side-chain protons), 311 dihedral angle constraints (114 for f, 114 for c and 83 for w 1 ), and the three disul®de bond constraints were represented by nine upper and nine lower distance limits (Williamson et al., 1985) . Figure 4 (a) shows the sequence distribution of the NOEs observed for P14a. Quite uniform high density of NOEs was observed for the residues in the regular secondary structure elements, but relatively few NOEs were detected for the N-terminal tripeptide segment and the polypeptide segments comprising residues 39 to 52, 58 to 62, 80 to 91, 112 to 116 and 129 to 133. The calculation was performed with 100 randomized starting structures, and the 20 best conformers are used to represent the NMR structure. The small size and small number of residual constraint violations (Table 1) show that the input data represent a self-consistent set, and that the constraints are well satis®ed in the calculated conformers. The high quality of the structure determination is re¯ected by the global r.m.s.d. values relative to the mean coordinates of 0.45 A Ê and 0.88 A Ê calculated for the backbone atoms of the regular secondary structure elements, and the entire polypeptide chain, respectively (Table 2) . A similar precision is obtained when the core side-chains are included ( Table 2) . Plots of the local backbone r.m.s.d. values and the global backbone displacements versus the sequence (Figure 4(b) ) further show that all regular secondary structure elements are well de®ned throughout. Increased local disorder is observed for the Nterminal tripeptide segment and the three polypeptide segments 41 to 52, 77 to 91 and 113 to 117, which link regular secondary elements (Figure 6(b) ). The increased disorder is manifested in both larger local backbone r.m.s.d. values and larger global backbone displacements (Figure 4(b) ), which shows that it is indeed local conformational features, on the level of dipeptide segments, that are not precisely de®ned.
The NMR solution structure of P14a
P14a exhibits an a b tertiary fold with four a-helices, I to IV, consisting of residues 4 to 17, 27 to 40, 64 to 72 and 93 to 98, a single turn of 3 10 -helix immediately C-terminal to the a-helix III, and a mixed four-stranded b-sheet with strands A to D consisting of residues 24-25, 52 to 58, 104 to 111 and 117 to 124 ( Figure 5 ). The two antiparallel b-strands C and D form the central part of the b-sheet, with B attached antiparallel to D and the short strand A parallel with the N-terminal segment of strand C, yielding an overall topology (Richardson, 1981) 3x, À2x, 1 ( Figure 5(b) ).
In the three-dimensional fold of P14a (Figure 6(a) ), the helix II is part of the right-handed crossover that connects the b-strands A and B. In the orientation of P14a in Figure 6 (a), this helix is located The ®nal structure calculation was started with 100 randomized conformers. The 20 DIANA conformers with the lowest residual target function values were re®ned by energy minimization and are used to represent the NMR structure.
a Before energy minimization. d Includes the backbone atoms N, C a and C H of residues 1 to 135 and the side-chain heavy atoms of 51 residues forming the two clusters of the molecular core (see the text), i.e. residues 29, 30, 33, 36, 37, 44, 46, 55, 106, 108, 110, 112 and 118 of cluster I, and residues 7, 8, 10, 11, 14, 15, 18, 20, 23, 25, 54, 56, 62, 67, 68, 70, 71, 72, 78, 80, 85, 91, 94, 95, 96, 97, 98, 99, 102, 105, 107, 119, 121, 122, 123, 128 , 134 and 135 of cluster II. relative to the plane of the b-strands. The short helix IV is oriented nearly perpendicular to the helices I and III and is completely buried between the b-sheet and the two-helix bundle of helices I and III. The arrangement of the a-helices and the b-strands in three stacked layers forms an``a-b-a sandwich''. This tertiary fold is stabilized by the three disul®de bonds ( Figure 5(a) ): Cys44-Cys112 connects the loop linking helix II and the b-strand B with the loop between the b-strands C and D, Cys84-Cys91 is located in the polypeptide segment connecting the helices III and IV, and Cys107-Cys121 bridges the directly adjoining b-strands C and D.
The individual helices are stabilized by a variety of local structural motifs (Figure 7) . In helix I Pro4 acts as a helix initiator (Richardson, 1981) and a hydrogen bond between the g-oxygen atom of Ser3 and the backbone amide proton of Asp6 is observed in six out of the 20 DIANA-conformers, which combines with the hydrogen bond between the backbone amide proton of Ser3 and the d-carboxylate group of Asp6 to form a``capping box'' (Harper & Rose, 1993) . The N termini of the ahelices II and III are N-capped (Richardson & Richardson, 1988) by Asp26 and Thr63, respectively, which form hydrogen bonds with the backbone amide proton of the third helical residue. In these two helices the N-terminal ends are further stabilized by hydrophobic (i, i 5) interactions between the residue preceding the N-cap and the fourth helical residue, i.e. in helix II the indole moiety of Trp25 is in close contact with the methyl group of Ala30, and in helix III the aromatic ring of Phe62 interacts with the methyl group of Ala67. These (i, i 5) hydrophobic interactions are directly evidenced by side-chain ±side-chain (i, i 5) NOEs and represent typical``hydrophobicstaple motifs'' (Mun Ä oz et al., 1995) . Helix I is Ccapped by Gly19, which has an a L -conformation, and there are (i, i 3) and (i, i 5) hydrogen bonds formed in reverse order (Schellmann, 1980) between the carbonyl oxygen atoms of Ala16 and Arg15, and the backbone amide protons of Gly19 and Val20, respectively. Helix I is further stabilized by an (i, i 4) hydrogen bond between O d of Asp13 and H e2 of Gln17. The C terminus of helix II is stabilized by a bifurcated hydrogen bond of the carbonyl oxygen atom of Arg40 with the backbone amide protons of Asp43 and Cys44, and by an (i, i 4) cation-p interaction (Dougherty, 1996) between the positively charged guanidino moiety of Arg40 and the aromatic ring of Tyr36. The Cterminal end of helix III forms a 3 10 -helix, which is further stabilized by a hydrogen bond between OH g of Ser77 and the backbone carbonyl oxygen atom of Glu74. There is also a type I tight turn with an (i, i 3) hydrogen bond involving the carbonyl oxygen atom of Arg75 and the backbone amide proton of Tyr78. The dipole of helix IV forms an electrostatically favorable interaction with the buried guanidino group of Arg15, which is located directly in front of the C-terminal face of the helix (Figure 7(d) ). These local interactions are all unambiguously de®ned in the NMR structure obtained with the standard protocol for structure determination (see the preceding text), except for the hydrogen bond of the side-chain carboxylate group of Asp26, which was characterized by the following additional experiments. Inspection of the 20 energy-re®ned DIANA conformers suggested that this side-chain might form either a bifurcated hydrogen bond with the backbone amide protons of Asn28 and Leu29, or a``time-shared'' hydrogen bond (Szyperski et al., 1994b ) with these two amide groups. Measurement of the pH-dependence of the amide protons (Bundi & Wu È thrich, 1979) by recording a series of 2D [ The a-b-a sandwich fold of P14a includes two spatially separated hydrophobic cores in the two layer interfaces (Figure 6(b) ). A small cluster is formed by amino acid side-chains of the helix II (Leu29, Ala30, Ala33, Tyr36, Ala37), the b-strands B (Leu55) and D (Phe118, Asn122), the disul®de Figure 4(b) ). The helices are red, the b-strands blue, and the other polypeptide segments gray. Residues that form a large hydrophobic cluster associated with the b-sheet and the a-helices I, III and IV are shown in yellow, and residues belonging to the smaller hydrophobic cluster at the interface of the b-sheet and the a-helix II are green. Polar side-chains buried in the hydrophobic core are identi®ed; His11, Thr95, Gln96 and Asn128 are shown in magenta and Arg15 in dark blue.
bridge Cys44-Cys112, Leu46 in the polypeptide segment connecting helix II and the b-strand B, and the backbone of the b-strand C (Gly106, Gly108, Ala110). There are also van der Waals contacts between backbone atoms of the tripeptide segment Gly106-Cys107-Gly108 in the b-strand C and backbone atoms of Ala30 and Gln34 in helix II, so that the anchoring of helix II to the b-sheet is supported by hydrophobic side-chain contacts as well as by direct backbone-backbone interaction. The second hydrophobic cluster involves sidechains from all regular secondary structures except helix II. The short helix IV, which is completely enclosed by the b-sheet and the layer formed by the helices I and III, plays an integral role in this cluster. With the sole exception of the solventexposed His93, all side-chains of helix IV (Tyr94, Thr95, Gln96, Val97, Val98, Trp99) are located in the interior of the protein and participate in hydrophobic contacts within the cluster (Figure 6(b) ). In addition, the side-chains of Tyr7, Leu8, Val10, His11 and Ala14 in helix I, Val18, Val20 and Met23 in the segment connecting the helix I and the b-strand A, Trp25 in the b-strand A, Ala56 in the b-strand B, Phe62 in the segment linking the b-strand B with helix III, Ala67, Val68, Leu70, Trp71 and Val72 in helix III, Tyr78, Tyr80 and the disul®de bridge Cys85-Cys91 in the segment connecting the helices III and IV, Leu105 in the b-strand C, Ile119 and Tyr123 in the b-strand D, the disul®de bridge Cys107-Cys121 linking the b-strands C and D, Trp129, Pro134 and Tyr135 constitute this second cluster. The two hydrophobic clusters are well de®ned, as can be seen from the fact that nearly identical r.m.s.d. values were obtained for the backbone heavy atoms, or the backbone heavy atoms plus the core sidechains (Table 2) .
Hydrogen bonds and hydrogen exchange
In all, 97 hydrogen bonds are present in at least eight of the 20 energy-re®ned DIANA conformers. Of those, 70 are backbone-backbone hydrogen bonds located within or between regular secondary structure elements, and there are three long-range backbone-backbone hydrogen bonds between residues located outside of the regular secondary structures, i. H NMR-spectra after dissolving fully protonated, lyophilized P14a in 2 H 2 O. The exchange rate was calculated to be 9 Â 10 À3 minute À1 , which represents a protection factor of about 10 6 (Liepinsh et al., 1992 (Figure 4(c) ). There is excellent agreement of the exchange data with the hydrogen bond identi®-cation in P14a in that out of a total of 56 backbone amide protons with slowed exchange, all except Tyr135 form a hydrogen bond. The slowest exchange is observed for the backbone amide protons of the residues that form the larger hydrophobic cluster, i.e. the C-terminal segments of the a-helices I and III, a-helix IV, and the central b-strands C and D (Figures 5 and 6 ). Only weak shielding is evidenced for the amide protons in the N-terminal part of helix I, indicating transient fraying of this helix. Comparatively weak protection is observed for the backbone amide protons of the Cterminal part of helix II. Combined with the rapid exchange of the backbone amide proton of Asn54, this behavior of helix II indicates somewhat reduced stability of the smaller hydrophobic cluster (green in Figure 6 (b)) when compared with the larger cluster (yellow in Figure 6(b) ).
In addition to a large proportion of the amide protons, the hydroxyl protons of Thr95, Ser102 and Tyr123 experience suf®cient protection from exchange with the solvent water to be observable in a 2D [ 
of Tyr123, with identi®cation of the longrange NOEs with Tyr123 OH that were used to re®ne the molecular core. Furthermore, due to the large down®eld shift at 13.02 ppm, the exchange of the hydroxyl proton of Tyr123 could readily be monitored by 1D 1 H NMR spectra recorded after different time-intervals following the preparation of a fresh solution of fully protonated, lyophilized P14a in 2 H 2 O (Figure 8(d) ). Taking account of the intrinsic exchange rates of tyrosyl hydroxyl protons reported by Liepinsh et al. (1992) , a protection factor of about 10 6 was estimated, which is outstandingly large for a side-chain hydroxyl proton. Figure 9 shows that T 1 , T 2 and the 15 N{ 1 H}-NOEs all show a remarkably uniform distribution over most of the amino acid sequence, implying that overall the molecular architecture of P14a (Figure 6 ) is rather rigid. Exceptions include that for the tripeptide segment 60 to 62 increased T 1 and T 2 values, and decreased 15 N{ 1 H}-NOEs reveal the presence of high-frequency rate processes with effective correlation times in the nanosecond to picosecond timerange. For this segment, which is located directly before the start of the a-helix III (Figure 6) , increased values are found for the local r.m.s.d. values and the global backbone displacements (Figure 4(b) ). In addition, residues 88 to 90 and the N-terminal dipeptide segment exhibit motional modes that affect the 15 N{ 1 H}-NOEs, but not the T 1 and T 2 values. The decreased T 2 value for His48 and the fact that the backbone amide 15 N resonance of Ser49 is broadened beyond detection implicate a low-frequency conformational exchange process involving the dipeptide segment His48 ± Ser49, which is located in the loop connecting the a-helix II and the b-strand B (Figures 5(a) and 6) . Based on the assumption that the chemical shifts of the conformational states involved in this equilibrium are not degenerate, a lower limit on the frequency of this rate process was determined from rotating frame 15 N spin relaxation times, T 1r , at a spin-lock power level of 12,870 rad s
Internal mobility of

À1
: since the T 1r value of the backbone 15 N spin of His48 was not signi®-cantly increased when compared with T 2 of the same spin this limit was established as >1 Â 10 4 s À1 (Szyperski et al., 1993) . For the loop of residues 112 to 116, which links the b-strands C and D and exhibits increased conformational disorder (Figures 4(b) and 6(b) ), the 15 N spin relaxation data provide no evidence for local motional processes. We therefore conclude that the reduced precision of the structure determination of this polypeptide segment arises from scarcity of long-range and medium-range NOE distance constraints (Figure 4(a) ), rather than from dynamic disorder. Finally, assuming that P14a reorients isotropically in solution, the T 1 /T 2 ratios measured for the backbone amide protons of the residues in the regular secondary structures indicate that the correlation time for overall rotational tumbling is about 6 ns.
Discussion
In a search for structural similarity between P14a and other, previously investigated proteins, the distance matrix algorithm implemented in the program DALI (Holm & Sander, 1993) revealed no topological similarity with any of the 599 protein structures currently used to represent the Brookhaven Protein Data Bank (Holm & Sander, 1994) , and in a recent classi®cation of a b folds (Orengo & Thornton, 1993) no fold was included that resembles the a-b-a sandwich of P14a. The so far unique molecular architecture of P14a represents a rigid scaffold with high thermal stability and includes only a small number of short polypeptide segments with increased local disorder and/or increased local mobility, as evidenced by the quite uniformly high precision of the NMR structure determination (Table 2, Figures 4(b) and 6(b) and the 15 N spin relaxation parameters (Figure 9) ). The tight packing of the a-helices on both sides of the central b-sheet (Figure 6(a) ) results in a compact, bipartite molecular core (Figure 6(b) ), which is stabilized by hydrophobic interactions as well as by a buried hydrogen-bonding network including three hydrogen bonds with the side-chain hydroxyl protons of Thr95, Ser102 and Tyr123 (Figure 8 ). Since each interior hydrogen bond is expected to contribute about 5 kJ mol À1 to the free energy of protein folding (Chen et al., 1993) , these hydrogen bonds may make a substantial contribution to the observed high stability of P14a, which is obviously required for proper functioning in the harsh extracellular environment where P14a is active.
Multiple alignment of the amino acid sequences of the PR-1 proteins deposited in the SWISS-PROT data bank with the sequence of P14a (Figure 10 ) emphasizes the high level of sequence homology in this group of proteins, with 35% sequence identity among all PR-1 proteins in Figure 10 and pairwise sequence identities with P14a between 56% and 96%. On the basis of this high degree of sequence homology, the three-dimensional fold of P14a can be expected to be common to all PR-1 proteins (Orengo et al., 1994) . This hypothesis is further supported by the following local features of sequence and structure. (1) The six cysteinyl residues are strictly conserved, so that the arrangement of the disul®de bridges in P14a can be preserved in all PR-1 proteins. (2) The sequence alignment reveals a striking correlation between the extent of conservation of residues and their structural role in the molecular core of P14a (Figures 6(b) and 10). Of the 51 amino acid residues located in the protein core, 30 are strictly conserved and 16 undergo only conservative substitutions in the group of PR-1 proteins. The ®ve remaining residues are only peripherally associated with the core. (3) Pro125, which adopts the cis-conformation in P14a, is strictly conserved, which suggests a critical role of this residue for the proper positioning of the Cterminal decapeptide segment in the PR-1 proteins. (4) The degree of conservation for the local structural motifs that stabilize the helices (Figure 7 ) is comparable with that found for the protein core. Thus, most of the amino acid residues in the positions corresponding to the N-caps in P14a (Ser3, Asp26 and Thr63) have a side-chain that can form a hydrogen bond with the backbone amide proton of the third helical residue; Gly19, which is a prerequisite for the``Schellman motif'' at the C terminus of helix I (Figure 7(a) ), is strictly conserved; thè`h ydrophobic staple motifs'' stabilizing the N termini of helix II (Trp25 and Ala30 in P14a) and helix III (Phe62 and Ala67 in P14a) are conserved; the residues Tyr36 and Arg40 in the (i, i 4) cation-p interaction at the C terminus of helix II (Figure 7(c) ) are present in seven PR-1 proteins, and in the remaining PR-1 proteins Arg40 is substituted by Leu, suggesting that the cation-p interaction is replaced by an (i, i 4) hydrophobic interaction; Arg15, which interacts favorably with the helix IV dipole, is strictly conserved. Overall, the local structural arrangements stabilizing the helices as well as the hydrophobic and hydrogenbonding interactions in the protein core are found to be largely conserved in the PR-1 proteins of Figure 10 , which indicates that the high thermal stability observed for P14a should be common to all PR-1 proteins.
The octapeptide containing the a-helix IV and the two succeeding residues Trp99 and Arg100 is strictly conserved in all PR-1 proteins (Figure 10) , and the segment 94 to 99 is completely buried between the b-sheet and the helices I and III (Figure 6(b) ). Furthermore, with the sole exception of Tyr80, all residues in direct contact with helix IV are strictly conserved, which emphasizes the pivotal role of helix IV in the a-b-a sandwich of P14a ( Figure 6 ). Shakhnovich et al. (1996) recently revealed a clear correlation of residue conservation within a set of naturally occurring homologs of the chymotrypsin inhibitor 2 (CI2) with their role in protein folding. In analogy to this work with CI2, it is tempting to speculate that the polypeptide segment 94 to 99 might be the``folding nucleus'' of PR-1 proteins.
With the availability of the three-dimensional structure of P14a, future research aimed at more profound insights into the mode of action of plant defense systems will probably focus more and more on the PR-1 proteins. Presently, in the absence of information on the mode of action of P14a, we have further tried to obtain a lead for identi®cation of possible active sites on the following basis: highly conserved solvent-accessible residues without an obvious role in the architecture of Figure 10 . Multiple alignment of the amino acid sequence of P14a with those of the other PR-1 proteins deposited in the SWISS-PROT data bank. The amino acid sequences are given in the one-letter code, and the numbering for P14a is indicated above its sequence. For the other proteins the sequence position of the ®rst residue is indicated immediately before the start of the sequence data, and the total number of amino acid residues is given at the end of each row. The locations of the regular secondary structure elements identi®ed for P14a are indicated at the top, with boxes for the helices I to IV and 3 10 , and arrows for the b-strands A to D. In the row labeled core, the residues forming the smaller hydrophobic core between the b-sheet and helix II are indicated by 1, and those constituting the larger core associated with the b-sheet and the helices I, III and IV by 2, with the residues contained in helix IV and those in direct contact with helix IV (Figure 6(b) ) identi®ed in bold. In the row surface, identi®es residues that exhibit more than 25% solvent accessibility in at least one of the 20 energy-minimized DIANA conformers. Residues that are strictly conserved in the group of PR-1 proteins are highlighted in red, and residue positions that show exclusively conservative mutations among PR-1 proteins are highlighted in yellow. The abbreviations are: PR04 LYCES, PR leafprotein-4 precursor from tomato (Lycopersicon esculentum); PRB1 TOBAC, basic form of PR protein-1 precursor (PRP-1) from common tobacco (Nicotiana tabacum); PR1B TOBAC, PR protein-1B precursor (PR-1B) from tobacco; PR1A TOBAC, PR protein-1A precursor (PR-1A) from tobacco; PR1 ARATH, PR protein-1 precursor (PR-1) from mouse-ear cress (Arabidopsis thaliana); PR1C TOBAC, PR protein-1C precursor (PR-1C) from tobacco; PR13 HORVU, PR protein PRB-13 precursor from barley (Hordeum vulgare); PR12 HORVU, PR protein PRB-12 precursor from barley; PR1 HORVU, PR protein-1 precursor from barley; PRMS MAIZE, PR protein precursor from maize (Zea mays). The multiple sequence alignment was obtained using the program CLUSTALW (Thompson et al., 1994) . the protein are likely candidates for participation in the formation of functionally important sites (Schulz & Schirmer, 1979) . Overall, the surface residues in P14a exhibit a low degree of conservation: out of 49 non-glycyl residues that display a solvent accessibility of more than 25% in at least one of the 20 energy-re®ned DIANA conformers used to represent the NMR structure, 36 show non-conservative substitutions within the family of PR-1 proteins (Figure 10 ). Only Ser3, Gln5, His48, Ser49, His93, Arg100 and Asn114 are strictly conserved, and Pro21, Leu46, Arg75, Tyr80 and Trp129 of P14a show exclusively conservative substitutions among the PR-1 proteins. Among these conserved residues, Ser3 is part of the capping box of helix I (Figure 7(a) ), and Leu46 and Tyr80 participate in the formation of the molecular core, which leaves a total of ten``non-structural'' highly conserved residues. Among these ten residues, His48, Ser49 and His93 are in close proximity, so that the conservation of this group of residues could be taken as an indication of it being important as an active site in P14a.
Materials and Methods
Sample preparation
Uniformly 15 N/ 13 C and 15 N-labeled P14a was overexpressed in Escherichia coli cells grown on a minimal medium containing 15 NH 4 Cl as the sole nitrogen source and [ 13 C 6 ]glucose, or unlabeled glucose, respectively, as the sole carbon source. The resulting P14a inclusion bodies were isolated using the procedure of Ramage et al. (1995) , and then reduced and solubilized in 100 mM glycine buffer at pH 3.0 with 100 mM DTT and 8.5 M urea. The unfolded protein was puri®ed by cation-exchange chromatography in the presence of urea. The eluted P14a was dissolved in 50 mM citric acid buffer at pH 5.0 with 150 mM NaCl and 8.5 M urea; this protein solution was ®rst diluted fourfold with 100 mM acetic acid buffer, and then further diluted with 50 mM acetic acid buffer containing 2.125 M urea until the protein concentration was about 50 mg/ml, at which refolding was initiated. Oxidation of the disul®de bonds was achieved by addition of oxidized and reduced glutathione at concentrations of 1 mM and 0.1 mM, respectively, and the pH was adjusted to 8.0 by the addition of 5 M NaOH to facilitate disul®de shuf¯ing. The solution was incubated for 12 hours at 4 C, whereupon the pH was reset to 5.0 by addition of acetic acid, the solution was ®ltered and loaded onto a column of SP-Sepharose High Performance. Native P14a was eluted with a linear gradient of NaCl in 50 mM sodium acetate (pH 5.0), dialyzed against distilled water and ®nally lyophilized.
NMR spectroscopy
NMR measurements were performed on Bruker AMX600 and Varian U750 spectrometers equipped with four channels, using either uniformly 13 C/ 15 N doubly labeled P14a, uniformly 15 N-labeled P14a or unlabeled P14a at a concentration of 1.5 mM in 90% H 2 O/ 10% 2 H 2 O or in 99.98% 2 H 2 O. Unless stated otherwise, the spectra were recorded at pH 5.5 and at 30 C. Quadrature detection in the indirect dimensions was achieved using States-TPPI (Marion et al., 1989) . For data processing and spectral analysis we used the programs PROSA and XEASY (Bartels et al., 1995) , respectively.
Resonance assignments and the input for the structure calculation were obtained from the following experiments. . Time domain data size 56 Â 40 Â 512 complex points, t 1,max ( 13 C) 6.5 ms, t 2,max ( 15 N) 21.6 ms, t 3,max ( 1 H) 65.5 ms. 3D COHNNCA (Szyperski et al., 1995 Wishart et al. (1995) . Vicinal 3 J HNa coupling constants were determined by inverse Fourier transformation of in-phase multiplets (Szyperski et al., 1992) 
